The analysis of xylem cell anatomical features in dated tree rings provides insights into xylem functional responses and past growth conditions at intra-annual resolution. So far, special focus has been given to the lumen of the water-conducting cells, whereas the equally relevant cell wall thickness (CWT) has been less investigated due to methodological limitations. Here we present a novel approach to measure tracheid CWT in high-resolution images of wood cross-sections that is implemented within the specialized image-analysis tool 'ROXAS'. Compared with the traditional manual line measurements along a selection of few radial files, this novel image-analysis tool can: (i) measure CWT of all tracheids in a tree-ring cross-section, thus increasing the number of individual tracheid measurements by a factor of~10-20; (ii) measure the tangential and radial walls separately; and (iii) laterally integrate the measurements in a customizable way from only the thinnest central part of the cell walls up to the thickest part of the tracheids at the corners. Cell wall thickness measurements performed with our novel approach and the traditional manual approach showed comparable accuracy for several image resolutions, with an optimal accuracy-efficiency balance at 100× magnification. The configurable settings intended to underscore different cell wall properties indeed changed the absolute levels and intra-and inter-annual patterns of CWT. This versatility, together with the high data production capacity, allows to tailor the measurements of CWT to the specific goal of each study, which opens new research perspectives, e.g., for investigating structurefunction relationships, tree stress responses and carbon allocation patterns, and for reconstructing climate based on intra-and inter-annual variability of anatomical wood density.
Introduction
Tracheids are the primary anatomical units of growth and carbon sequestration in conifers. In the earlywood, these cells are typically characterized by wide lumina and thin walls, and are mainly responsible for water transport, while in the latewood, due to radially flattened small lumina and thicker cell walls (Cuny et al. 2015) , they mostly mechanically support (Beeckman 2016 ) the upright posture and general architecture of the trees (Denne 1988 , Koubaa et al. 2002 , Myburg et al. 2013 ). The structural properties of tracheids are strongly determined by genetic and hormonal control (Aloni 2013) , and functional needs (Carrer et al. 2015) , but also record significant imprints from environmental conditions (Park and Spiecker 2005 , Handa et al. 2006 , Bräuning et al. 2016 , Cuny and Rathgeber 2016 . Therefore, relating the intra-and inter-ring variability of tracheid anatomy along series of dated tree rings ('quantitative wood anatomy'; see von Arx et al. 2016) can be used to retrospectively infer past environmental conditions or tree functional responses (Fonti et al. 2010 ). At present, investigations have mainly focused on the variability of the conductive capacity provided by varying the number and lumen size of tracheids. Cell wall thickness (CWT) is important for mechanical support, hydraulic safety and carbon allocation (Rosner et al. 2016) , for mitigating the negative effects of extreme events on tree survival (Hereş et al. 2014 , Pellizzari et al. 2016 , and more generally for determining the intra-and inter-annual variability of wood density -one of the most commonly used proxies for climate reconstructions (e.g., Briffa et al. 1998 , Büntgen et al. 2010 )-and global carbon budget (e.g., Cuny et al. 2015) . Despite these roles the tracheid wall thickness (CWT) is a rather under-investigated anatomical feature (e.g., Spiecker et al. 2000 , Panyushkina et al. 2003 , Rosner et al. 2016 , mostly because of substantial measurement constraints.
Currently, one of the most commonly applied approaches is to manually measure the thickness of the cell walls in images of anatomical cross-sections by using a line-measuring tool available in many imaging software tools. Usually, 5-10 radial files (from bark to pith) with tangentially wide tracheids are selected, and measurements are performed in a radial direction through the centre of the tangential double-cell wall (i.e., the walls running in tangential direction in a cross-sectional view; cf. Figure 1a ) connecting two neighbouring tracheids. This approach is very time consuming and subjective in terms of the length and position of the measurement line along the cell wall. As a consequence, studies using this approach can be limited in representativeness and statistical robustness by the low number of samples (trees), annual rings and radial files (e.g., Seo et al. 2014) . In addition, the radial cell walls (i.e., the walls running in the radial direction in a cross-sectional view; cf. Figure 1a ) are usually not considered since earlywood tracheids frequently contain swollen walls around the pits, which in thinner sections appear with pit chamber, torus and margo (Baas et al. 2004) . However, ignoring the radial cell walls, which are usually thicker than the tangential cell walls (Cuny and Rathgeber 2016) , will bias results, with systematic under-estimations of the total cell wall material.
Here we present how the latest version (v3.0) of the image analysis tool 'ROXAS' (von Arx and Dietz 2005, von Arx and Carrer 2014) overcomes some methodological challenges of CWT measurements through a robust, comprehensive and customizable approach. In particular, we: (i) explain how the novel measurements are automatically performed (thus increasing 10-to 20-fold the number of measured tracheids) while highlighting the versatility of the measurements; (ii) compare the proposed automatic approach for CWT measurement with the traditional manual line measurement and assess the influence of image resolution (i.e., different magnifications), sample quality and invested manual editing effort; and (iii) illustrate and discuss the potential scientific relevance of our novel approach in terms of extracted information.
Materials and methods

The image analysis tool ROXAS
ROXAS is an image analysis tool specifically designed to quantify xylem cell structures and annual rings in angiosperms and conifers. It is built around the image processing and analysis capabilities of Image-Pro Plus ≥v6.1 (Media Cybernetics, Rockville, MD, USA). ROXAS automatically detects cell anatomical structures and annual ring borders, but also includes editing options for missing, wrong and inaccurately detected anatomical features. The output provides important anatomical data (e.g., ring width, cell position in the ring, cell lumen area, conduit wall reinforcement (t/b) 2 and CWT) for each cell, as well as in summarized form for each annual ring. Numerous settings, saved in configuration files, give the user the flexibility to optimize and customize the analysis and output for the characteristics of the species and/or image, and also includes the possibility to update the output from earlier versions with newly available parameters such as CWT. More specific information can be found in von Arx and Dietz (2005), Fonti et al. (2009 , Wegner et al. (2013) and von Arx and Carrer (2014) , whereas for general information on workflow, output parameters, applications and availability, we refer to http://www.wsl.ch/roxas.
Specifications on the measurement of tracheid CWT
An important new feature of ROXAS is the measurement of the thickness of all four cell walls, i.e., two tangential and two radial walls per tracheid. The measurement assumes walls of equal thickness between neighbouring tracheids. This is generally a valid assumption, although abrupt transitions between tracheids of very different characteristics can occur, e.g., between the latewood and the earlywood of the consecutive ring. In short, watershed lines are added at equidistance between all neighbouring tracheid lumina that were previously identified, and the distance from each lumen to the centre of this watershed line is taken as the CWT value of a given tracheid (see Figure 1 for more specific technical details). This means that the accuracy of the CWT measurements is directly linked to the accuracy of the identified tracheid lumina, and manual editing for both tracheid features is performed in a single step by editing the tracheid lumen outlines. The CWT measurements are visualized as circles spanning the double-cell wall for a customizable number of tracheids to allow quality control.
To improve the reliability of the measurements, the user can specify the maximum possible value of a CWT measurement (see parameter c in Figure 1a ) depending on the lumen area of the tracheid, which is intended to reflect the fact that the large earlywood tracheids generally have thinner walls than the small latewood cells. In addition, to exclude an erroneous assessment for tracheids adjacent to xylem rays or resin ducts, an adjustable filter based on the ratio between the CWT on opposite sides of Tree Physiology Online at http://www.treephys.oxfordjournals.org the tracheid (i.e., either the two radial or the two tangential walls) automatically flags values that are larger than a specified ratio (e.g., 1.5). Moreover, by adjusting the sensitivity of a shape correction filter ('protrusion filter') designed to remove concavities in the recognized lumen outlines (e.g., artefacts introduced by broken cell walls), the user can also customize whether the wall swelling caused by the pit structure in the radial walls (cf. von Arx et al. 2016) should be considered or not. Another important customizable feature specific to ROXAS is whether to measure CWT at the centre of the tracheids, which is equivalent to manual line measurements, or integrate the measurement over a defined portion of the lumen diameter (see parameter b in Figure 1a ), thus including the thickest parts of the cell walls (Figure 1d) . It is also possible to automatically create several datasets of CWT measurements with different values for the lateral integration parameter b based on a single tracheid lumen analysis. In addition, while we focused here on conifer tracheids, ROXAS can also be used to measure CWT in fibres (if clearly distinguishable from axially oriented parenchyma cells) of angiosperms, because the measuring approach does not depend on regularly organized cells as found in radial files of tracheids, but only assumes that adjacent cells touch.
Processing of samples used for CWT measurements
All CWT measurements were performed in images of anatomical cross-sections of a 40-year-old individual of Larix decidua Miller and a 150-year-old individual of Pinus sylvestris L. The crosssections were prepared following the protocol for cutting microsections and for collecting high-resolution images proposed by von Arx et al. (2016) . In short, for L. decidua 10-12 μm thick sections were cut with a rotary microtome (Leica RM2245, Leica Biosystems, Nussloch, Germany), stained with safranin and astrablue, and permanently fixed with Eukitt (BiOptica, Milan, Italy). The images used for the analyses were captured using a light microscope connected to a digital camera (Nikon Eclipse 80i, Nikon, Tokyo, Japan) and then stitched using PTGui (v8.3.3, New House Internet Services B.V., Rotterdam, The Netherlands). For P. sylvestris, the same procedure was used but sections of 15 μm thickness were produced with a WSL Labmicrotome (Gärtner et al. 2015) , mounted with Canada balsam and images captured through a microscope with a digital camera (Canon EOS 650D, Canon Inc., Tokyo, Japan) connected with an Olympus BX41 microscope (Olympus Corp., Tokyo, Japan).
Evaluating the robustness of ROXAS CWT measurements
In a first comparison, we tested the correspondence between tangential CWT values using the line-measuring tool in ImagePro Plus v6.1 (as an example for a software offering manual line measurements) and automatic ROXAS measurements with 0% lateral integration (parameter b in Figure 1a ). This comparison was performed with two cross-sections of L. decidua including both early-and latewood tissue, one from the stem base and one from the apex to maximize variability in cell dimensions that are known to show strong axial trends (Carrer et al. 2015) . For each cross-section, images were taken with three different magnifications (40×, 100× and 400×, corresponding to 0.833, 2.074 and 8.296 pixels µm −1 , respectively). We hypothesized that close to the apex, where the cells are smaller (Anfodillo et al. 2013 , Olson et al. 2014 , the lowest magnification (40×) could result in inaccurate quantification of lumina and thus also of CWT. To test this hypothesis, particular care was taken to measure exactly the same cells with the manual and automatic ROXAS method and in all magnifications. Linear regression analyses were used to test how the values from the two methods corresponded to each other for each magnification.
In a second trial, the accuracy of CWT measurements depending on magnification was evaluated within each method (manual ) is positioned to define the wall section used for CWT assessment. The projection of the measuring window outside of the lumen and across the measured cell wall is specified by c and assures the measurement is confined to the target double-cell wall. (b) After automatic and, if required, manually improved identification of tracheid lumina, ROXAS creates a distance map (i.e., each pixel outside of the lumina gets a grey-scale intensity corresponding to its Euclidean distance to the closest lumen). (c) The distance map is combined with a watershed image to obtain a 1-pixel thick line at equidistance to the closest tracheid lumina; each pixel of the lines in the resulting image contains its Euclidean distance to the closest tracheid lumen. The mean grey-scale intensity of the line segment within a given measuring window (here highlighted in blue for the tangential and red for the radial wall) is taken as the CWT value of the considered cell wall. Cell wall thickness is therefore laterally integrated over a defined wall section, which is in contrast to the commonly used measurements through the centre of each tracheid side (see blue line in panel a). (d) Zoomed-in region of panel (c) illustrating how the tangential CWT values vary along the wall section and depending on the lateral integration; the black arrows and numbers above the watershed line indicate the CWT value at specific points of the cell wall, the blue values below the watershed line indicate the integrated CWT values for different lateral integration levels b.
Tree Physiology Volume 37, 2017 line and ROXAS measurements) using the same dataset as above, but with an additional ROXAS dataset using 75% lateral integration (parameter b in Figure 1a ). Results were compared for different classes of CWT values (from 2 to 6 µm) to assess whether the accuracy also depends on the thickness of the cell walls, which usually increases from earlywood to latewood.
Third, we quantified the effort necessary to improve the accuracy of CWT measurements for anatomical samples of different section and image quality. Therefore, we selected three crosssections of L. decidua of high, intermediate and low quality (Figure 2 ) and performed three levels of editing effort following the automatic ROXAS analysis, I: no editing; II: removing misidentified cells in resin ducts and rays, and splitting merged cells; III: as II, but in addition removing lumina of pit pores, adding missing cells and correcting inaccurate tracheid outlines.
Assessing the relevance of different CWT measuring methods
The CWT values measured by ROXAS with different cell wall integration levels (0%, 25%, 50%, 75% and 100%; parameter b in Figure 1a ) were compared using an anatomical image of L. decidua containing 226 cells and taken with 100× magnification (2.074 pixels µm
−1
). Tukey's Honest Significant Difference test was used to identify significant differences between the relative CWT values obtained for the different lateral integration levels.
Finally, a time series of CWT averaged for 10-µm intra-annual steps was created for tangential (0% and 100% integration) and radial cell walls (100% integration) to assess how different methods of measuring CWT affect the values. An image from a single cross-section of P. sylvestris taken with 100× magnification (2.316 pixels µm −1
) and including 24 tree rings was used for this analysis. The differences between 0% and 100% tangential CWT were compared between earlywood and latewood using t-test to assess whether the level of lateral integration differently affects the values across the tree rings. All statistical analyses were performed using R (v3.1.1.; R Development Core Team 2014).
Results and discussion
The comparison between measurements performed manually and with automatic ROXAS analysis showed an almost perfect 1:1 correspondence between the 400× and 100× magnification (Figure 3) , with an explained variance of r 2 ≥95%. With 40× magnification there was still a high correspondence for both analysed images, even though the data were more scattered (r 2 = 0.78 and 0.86).
Cell wall thickness measured with 100× did also not deviate Tree Physiology Online at http://www.treephys.oxfordjournals.org strongly from the one with 400× magnification, independent of the different CWT dimensional classes-considered here as a proxy for the intra-annual variation from earlywood to latewood -whereas the values from the 40× magnification deviated markedly in both ROXAS and manual measurements (Figure 4) . However, a lateral integration level b of 75% reduced the variability of CWT values considerably compared to manual line measurements, even at 40× (Figure 4a , b vs 4e, f). Overall, these results suggest that ROXAS and manual CWT measurements have a high correspondence, particularly for the 100× and 400× magnifications. The comparably weaker correspondence between the ROXAS and manual CWT values with 40× are due to 'pixel effects' (in our case, a wall of 3.6 µm was, for instance, represented by only 3 pixels) that led to more discrete and consequently over-or underestimated CWT values. However, such pixel effects due to relatively low image resolution on the level of individual cells likely average out by a larger number of cells and wood samples measured. On the other hand, the 100× magnification (corresponding to~2 pixels µm −1 in most microscope systems) seems to generally best balance accuracy and efficiency. The required editing effort to obtain accurate values were inversely linked with sample quality (Figure 2) . Moreover, independently of sample quality, the influence of editing effort varied among CWT values: the differences between no editing, intermediate editing and the near to perfect editing were larger for the smaller than for the larger CWT percentiles. Overall, the deviation of no and intermediate editing from the near to perfect editing decreased Manual line measurement, (c, d) ROXAS measurements using 0% lateral cell wall integration setting corresponding to line measurements (see Figure 1 ) and (e, f) ROXAS measurements using 75% lateral cell wall integration. Identical tracheids were measured in all trials.
from the poor to the good sample and image quality. These results highlight the importance of careful sample preparation and image capturing (von Arx et al. 2016) , with almost no need for manual editing when using high-quality anatomical samples and images. Note that also other factors can influence the CWT measurements such as section thickness (von Arx et al. 2016) . The comparative analysis of the different lateral integration levels for the CWT measurements (parameter b in Figure 1a) showed that all levels of integration differed significantly from each other (Tukey's Honest Significant Difference test, P < 0.001) except for the 0% and 25% levels (P = 0.864; Figure 5 ). This result demonstrates that the approach selected for assessing CWT affects the values by 5-10%, and therefore we suggest selecting an integration level that fits the purpose of the study. For instance, for investigations of intra-and interannual wood density, or estimations of wood biomass, where accurate absolute values of wall material are important, a high level of lateral integration (100% or slightly more to include the cell wall corners) should be preferred to avoid consistent underestimation as obtained with the line measurements (see Figure 6b -e). In fact, underestimation of CWT by 10% would result in an underestimation of cell wall material by 13.1% in a tracheid of 10 µm 2 lumen area and 9.8% in a tracheid of 1000 µm 2 . In contrast, for investigations of mechanical cell wall reinforcement (t/b) 2 (Hacke et al. 2001 ), a low level of lateral integration (e.g., 0% or 25%) may better reflect the thinnest and thus weakest point within the cell walls.
As the example in Figure 6 illustrates, the selected lateral integration levels (0% vs 100%) affect the intra-annual time series of tangential CWT within and among tree rings in a non-uniform way, with larger differences in the earlywood (Figure 6e) . Similarly, the radial CWT was considerably larger than the tangential CWT in the latewood, but not in the earlywood tracheids (Figure 6b-d) . A post hoc analysis revealed that the maximum differences between radial and tangential CWT in each ring was not related to ring width (linear regression, P = 0.975), but scaled up with the maximum values of radial and tangential CWT (linear regressions, P < 0.001). Nevertheless, pit swelling was not found to create artefacts in the evaluated sample. These examples thus demonstrate that different methods of measuring CWT might affect the information obtained from cell wall properties.
The new versatility offered by ROXAS provides valuable access to a larger range of parameters to quantify the cell wall, and the usefulness for different research questions can now be explored. For example, the detailed measurements might allow breaking down the dendroclimatologically very important 'maximum latewood density' (e.g., Briffa et al. 1998 ) into primary components, which would improve the understanding of the climate signal and potentially allow further refinement of the performance of climate reconstructions. Moreover, using both lumen area and CWT data might open up interesting options to investigate tree responses to environmental stress. Such responses are sometimes preserved in the xylem as 'intra-annual density fluctuations', i.e., bands of anomalous intra-annual cell growth, whose functional implications in terms of hydraulics and carbon allocation still remains unclear (Battipaglia et al. 2016) . In addition to these two examples, there are many further applications and fields that might profit from this improvement in replication, comprehensiveness and flexibility of measuring anatomical characteristics of the tracheid cell wall.
Conclusion
Our evaluation demonstrates that measuring tracheid CWT with ROXAS produces values comparable to manual measurements, but, due to the automatic modus, it is very efficient and increases 10-to 20-fold the number of measured tracheids. Furthermore, due to the customizable settings to quantify different cell wall Figure 1a) . (a) Analysed anatomical image from the stem base of a 3-m tall L. decidua tree captured at a magnification of 100× corresponding to a resolution of 2.074 pixels µm −1 . (b) Absolute and (c) relative CWT values (n = 226) with increasing lateral integration level. Different subscript letters in (c) indicate significant differences of relative CWT based on Tukey's Honest Significant Difference test (using 0% integration level as the reference). Scale bar in (a) corresponds to 100 µm.
Tree Physiology Online at http://www.treephys.oxfordjournals.org features, our approach will further expand knowledge about tracheids. This is exemplified by the differential changes in CWT values within and across rings when laterally integrating the measurement over different proportion of the cell walls, and the more accurate consideration of the non-uniform CWT around the cell lumen, which may influence estimates of wall material by 10% and more. The increased power and versatility allows the efficient creation of comprehensive datasets of cell anatomical features, including CWT, customized for a wide range of novel research applications.
